DNA (cytosine-5-) methylation silencing of GSTP1 function occurs in prostate adenocarcinoma (PCa). Previous studies have shown that there is an inverse relationship between dietary lycopene intake and the risk of PCa. However, it is unknown whether lycopene reactivates the tumor suppressor gene glutathioneS-transferase-(GSTP1) by demethylation of the hypermethylated CpGs that act to silence the GSTP1 promoter. Here, we demonstrated that lycopene treatment significantly decreased the methylation levels of the GSTP1 promoter and increased the mRNA and protein levels of GSTP1 in an androgen-independent PC-3 cell line. In contrast, lycopene treatment did not demethylate the GSTP1 promoter or increase GSTP1 expression in the androgen-dependent LNCaP cell line. DNA methyltransferase (DNMT) 3A protein levels were downregulated in PC-3 cells following lycopene treatment; however, DNMT1 and DNMT3B levels were unchanged. Furthermore, the long interspersed element (LINE-1) and short interspersed element ALU were not demethylated when treated by lycopene. In LNCaP cells, lycopene treatment did not affect any detected DNMT protein expression, and the methylation levels of LINE-1 and ALU were decreased. These results indicated that the protective effect of lycopene on the prostate is different between androgen-dependent and androgen-independent derived PCa cells. Further, in vivo studies should be conducted to confirm these promising results and to evaluate the potential role of lycopene in the protection of the prostate.
Introduction
Prostate cancer (PCa) is the most common nonskin malignancy and a leading cause of cancer-related mortality in men of Western countries [1] . The earliest somatic genome change that occurs in PCa in humans is the de novo DNA methylation of glutathione S-transferase-(GSTP1) accompanied by epigenetic gene silencing [2] . This silencing, mediated by hypermethylation of GSTP1 transcriptional regulatory sequences, has been consistently detected in more than 90% of PCa cases [3, 4] , and this specificity of GSTP1 promoter methylation measured in body fluids (plasma, serum, and urine) suggests a potential screening measurement for prostate cancer diagnosis [5] . Loss of GSTP1 function may contribute to the early stages of PCa development, with GSTP1 methylation evident in 5-10% of proliferative inflammatory atrophy (PIA) precursor lesions, and 70% of high-grade prostatic intraepithelial neoplasia (PIN) lesions, respectively [6] . In contrast, hypermethylation of GSTP1 is rarely detected in benign prostatic epithelium and patients without disease [7] .
GSTP1 is a detoxifying enzyme that acts in a multifunctional manner to protect cells from genome-damaging stresses caused by electrophiles and oxidants. GSTP1 silencing, and a resultant loss of enzymatic protection against reactive chemical species, may provide an explanation for the well-known sensitivity of human prostatic carcinogenesis to environmental and lifestyle influences [8, 9] . For example, 2 International Journal of Endocrinology mice with disrupted Gstp1/2 genes are more susceptible to developing skin tumors when exposed to topical carcinogenic chemicals [10] .
Unlike genetic mutations, DNA methylation does not change the DNA sequence itself. Methylation is a potentially reversible modification, which makes it amenable to therapeutic intervention [11] . This has important implications for chemoprevention because, as mentioned above, altered GSTP1 activity and expression are largely due to GSTP1 DNA hypermethylation in the promoter 5 in more than 90% of PCA cases [3, 4] .
Dietary compounds may prevent cancer through DNA methylation modifications in the cells [12] . Indeed, some investigators have investigated the effects of (2)-epigallocatechin-3-gallate (EGCG) [13] , curcumin [14] , and catechins on DNA methylation in different types of cells. Studies showed that green tea polyphenols are excellent candidates for the chemoprevention of prostate cancer reexpression of GSTP1 in human prostate cancer cells [15] , as they induce GSTP1 expression through demethylation of its promoter in human prostate cancer cells.
Lycopene, a member of the carotenoid family, is naturally abundant in tomatoes [16] . As humans do not synthesize lycopene and half of the carotenoids in the human serum are provided by dietary consumption of lycopene, an adequate consumption of nutrients is critical [17] . Lycopene is a potential antioxidant or nutrient protector. A number of epidemiological studies have shown an inverse relationship between dietary lycopene intake and the risk of PCa [18, 19] . Clinical intervention studies have found that short courses of tomato or lycopene supplementation in men with PCa decreased the carcinogenesis of advanced PCa, reduced DNA damage, increased apoptosis of cancer cells, and decreased serum prostate-specific antigen concentrations [20, 21] .
However, the ability of lycopene to affect epigenetic changes has this far only been examined in one study in which lycopene was shown to demethylate the promoter of the GSTP1 in a breast cancer cell line [22] . Thus, lycopene may also prevent or slow down PCa growth through alternating patterns of DNA methylation. Therefore, we evaluated whether lycopene would have an effect on DNA methylation in human PCa cell lines.
Materials and Methods

Cell Culture and Treatment.
Human prostate carcinoma cell lines, androgen-dependent LNCaP cells, and androgenindependent PC-3 cells, obtained from the Shanghai Type Culture Collection (China), were grown in RPMI1640 medium (HyClone, Logan, UT, USA) containing 10% (v/v) fetal bovine serum (HyClone) without the use of antibiotics. Cells were kept in a humidified incubator under standard conditions (5% CO 2 , 95% air at 37 ∘ C). Lycopene, Tetrahydrofurancontaining, butylhydroxytoluene (THF/BHT), 5-Aza-2 -deoxycytidine (AZA), and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A 4 mM stock solution of lycopene was prepared by dissolving lycopene powder in THF/BHT with minimal exposure to air and light [23] . ∘ C for 1 minute. A final incubation at 72 ∘ C for 8 minutes was performed. The PCR was repeated for three times and the PCR products were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) and cloned in pGEM-T Easy vector system II (Promega Corp., Madison, WI, USA). Randomly selected 5 clones for specific region of each gene were sent to Sangon Biotech (Shanghai, CHN) for sequencing.
RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction. Total RNA was extracted from cell samples by using Trizol (Invitrogen, Carlsbad, CA, USA). Total RNA (1 g) from each sample was treated with DNase and converted to complementary DNA (cDNA) using a PrimeScript RT Reagent kit (Takara, Dalian, China). A Stratagene Mx3000p Multiplex Quantitative PCR System with SYBR Premix DimerEraser (Takara) was used for the evaluation of mRNA levels.
Quantitative polymerase chain reaction (qPCR) was carried out at 95 ∘ C for 2 minutes, followed by 30 cycles of 94 ∘ C for 30 s, 60 ∘ C for 30 s, and 72 ∘ C for 30 s. Reactions were performed in triplicate and products were subjected to melting curve analysis and visualized on an agarose gel to confirm size. Relative gene expression levels were calculated using the 2 −ΔΔCt method [26] . Mean expression levels were represented as the ratio between the different detectors and 
ACTB expression. The primers for GSTP1 [27] and ACTB are listed in Table 2 .
Western Blotting.
Cells were lysed with RIPA buffer containing proteinase inhibitors then centrifuged at 12,000 g for 30 min at 4 ∘ C. The total protein was quantified and separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). After blocking with 5% nonfat milk in Tris-buffered saline with Tween 20 (pH7.4) for 1 h, the membrane was incubated at 4 ∘ C overnight with primary antibodies to GSTP1 (Abcam, Cambridge, MA, USA) and -actin (Sigma-Aldrich) and subsequently incubated with appropriate horseradish peroxidaseconjugated secondary antibody followed by detection using an enhanced chemiluminescence kit (Beyotime, Shanghai, China). Densitometry measurements were performed using Quantity One v4.4.0 (Bio-Rad Laboratories, Hercules, CA, USA). The intensity of each band was normalized usingactin.
2.5.
Immunofluorescence. Cells were seeded onto six-pore plates and covered by a collagen I (Sigma-Aldrich) pretreated cover glass. Each group was subjected to its own designated treatment regimen, and the cells were cultured at 37 ∘ C for 24, 48, and 72 hours, respectively. Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) at 37 ∘ C for 10 minutes. The fixed cells were then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 minutes at room temperature. Cells were incubated overnight at 4 ∘ C in primary rabbit polyclonal antibodies specific for GSTP1 (Abcam, Cambridge, MA, USA) (1 : 200 dilution). Cells were incubated away from light for one hour at room temperature in 1 : 1000 Cy3 mouse anti-rabbit IgG secondary antibody (Santa Cruz, CA, USA). Nuclei were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI) (Biyuntian, Jiangsu, China). Coverslips were sealed with sealing liquid (Beyotime). Photomicrographs were taken with an Olympus DP70 (Olympus, Tokyo, Japan). Ten visual fields were observed at random in each coverslip. 
Statistical
Results
Lycopene Treatment Induced Significant Demethylation of the GSTP1 Promoter in a Human Androgen-Independent
Prostate Cancer Derived PC-3 Cell Line. To determine whether lycopene treatment could reverse DNA methylation on GSTP1 CpG island, we used BSP to quantitatively assess the methylation status of each CpG site in the flanking regions of GSTP1 gene. Five clones were randomly selected and used for BSP analyses. There were 39 CpG sites spanning the promoter and exon 1 region on GSTP1. The CpG sites in GSTP1 were 99.00% methylated in LNCaP and 78.46% methylated in PC-3 cell lines, indicating that the sequenced region in the two prostate cancer cell lines was hypermethylated at baseline. Following 14 days of 10 M lycopene treatment, methylation of the GSTP1 promoter region was significantly reduced in PC-3 cells (1.02%) compared to controls ( < 0.05) (Figure 1(a) ), but no effects on the promoter of GSTP1 in the LNCaP cell line (96.41%) were noted ( > 0.05) (Figure 1(b) ).
Lycopene Treatment Increased the mRNA and Protein Levels of GSTP1 in PC-3 Cells but Not in LNCaP Cells.
We evaluated whether demethylation of the GSTP1 promoter by lycopene treatment on PCa cells would reactivate GSTP1 mRNA expression. As expected, lycopene significantly upregulated the mRNA level of GSTP1 in a time-dependent manner (Figure 2(a) ). This indicated that GSTP1 gene expression could be induced by lycopene treatment. However, in the LNCaP cells, 10 M lycopene treatment did not increase GSTP1 mRNA levels ( > 0.05) (Figure 2(b) ).
Western blotting was then used to detect if protein expression of GSTP1 was affected by lycopene exposure. GSTP1 protein expression was significantly increased by 10 M lycopene and AZA treatment in PC-3 cells. However, lycopene did not increase the expression of GSTP1 in LNCaP cells (Figures 2(c) and 2(d) ). After 14 days of treatment with lycopene at concentration of 10 M, upregulated GSTP1 protein expression was observed in PC-3 cells using immunofluorescence (Figure 2(e) ). These results further validate the effect of lycopene on the demethylation of GSTP1 gene.
Lycopene Treatment Decreased Protein Level of DNMT3A in PC-3 Cell Line.
Three active DNA methyltransferases (DNA MTase), named DNMT1, DNMT3A, and DNMT3B, have been identified in mammals and may have roles in the development of PCa [28] . Although active DNA demethylation by replication-independent processes is known to occur in mammals, the enzymes responsible for it have not been conclusively identified. DNA demethylation can be achieved passively through the failure of maintenance methylation after DNA replication, especially following the repression of DNMTs [29] . Western blotting was used to confirm the effect of the lycopene on protein expression of DNMT1, DNMT3A, and DNMT3B in PC-3 and LNCaP cell lines. In lycopene treated PC-3 cells, expression of DNMT3A was repressed significantly ( < 0.01). In contrast, no change was detected in DNMT1 and DNMT3B (both > 0.05; Figure 3 ). This indicated that DNMT3A may be involved in the passive demethylation of GSTP1.
Lycopene Treatment Did Not Induce Demethylation of LINE-1 and ALU in the Human PC-3 Cell Line.
CpG sites located within LINE-1 and ALU elements are normally heavily methylated in normal human tissues, and a loss of DNA methylation of these elements is closely associated with cancer progression [30] . Therefore, we analyzed the effect of lycopene on the methylation status of LINE-1 and ALU in androgen-dependent LNCaP and androgen-independent PC-3 cell lines. After 14 days of 10 M lycopene treatment, demethylation of both LINE-1 and ALU elements was not induced in PC-3 cells. The methylation level for LINE-1 was 48.42% and 50.53% in lycopene treated cells and the control, respectively. Lycopene treated PC-3 cells showed 40.00% methylation of CpGs in ALU compared to 18.82% in control cells (Figure 4(a) ). These indicated that lycopene would not lead to hypomethylation of LINE-1 and ALU in androgenindependent PC-3 cell lines. In contrast to the PC-3 cells, 14 days treatment with 10 M lycopene significantly decreased methylation levels of LINE-1 elements in LNCaP cells, with the decrease in methylated cytosine from 30.53% to 15.79% ( < 0.05). Similar effects were noted with the methylation status of ALU; the percentage of methylated cytosine in ALU was downregulated from 45.88% to 7.05% ( < 0.05) (Figure 4(b) ).
Discussion
Chemotherapy is the typical treatment for patients with advanced stage of PCa; however, it is largely ineffective.
Aberrant DNA methylation of GSTP1 gene associated with inappropriate gene-silencing is an important carcinogenic event in prostate adenocarcinoma [4] . Unlike genetic modifications, epigenetic modification by DNA methylation is reversible, making it a promising new target for therapeutics. Recently, evidence for a potential role of CpG island methylation on drug responses of GSTP1 has grown.
Chemopreventive agents with mechanisms proposed to target DNA methylation include many bioactive food components such as dietary polyphenols, genistein, polyphenols, (−)-epigallocatechin-3-gallate (EGCG), curcumin, and lycopene [31] . Lycopene treatment has been shown to have a potential role in demethylation, as it has been shown to partially demethylate the GSTP1 promoter and restore the GSTP1 expression in breast cancer cells [22] . In this study, we detected heterogeneous methylation of GSTP1 5 CpG islands in androgen-independent PC-3 and androgendependent LNCaP cell lines using a bisulfite sequencing PCR method. This suggested that CpG islands within the promoter region of the GSTP1 were methylated, leading to transcriptional silencing of the GSTP1. A treatment of 10 M lycopene was used in the present study. Similar to results observed by Liu and Erdman Jr. [32] , lycopene did not induce demethylation on the CpG islands of GSTP1 promoter or increase GSTP1 expression in the androgen-dependent LNCaP cell line. However, in contrast with the results observed in LNCaP cells, the same treatment specifically demethylated the GSTP1 promoter and induced mRNA and protein expression of GSTP1 in androgen-independent PC-3 cells. These data suggested that the demethylation effect of lycopene might be androgen-independent.
DNA is methylated by DNA methyltransferases, a family of enzymes that comprises maintenance methyltransferase DNMT1 and the maintenance methyltransferases DNMT3A and DNMT3B in human cells. A lack of methylation of hemimethylated sites by DNMT1 or a failure of DNMT3A or DNMT3B to retain dense methylation of a normally highly methylated region may lead to passive demethylation [33] [34] [35] . In the present study, the GSTP1 promoter was demethylated, and lycopene induction reactivated gene expression in androgen-independent PC-3 cells. Furthermore, DNMT3A, but not DNMT1 and DNMT3B, was significantly repressed in lycopene treated PC-3 cells. This result indicated that the downregulation of DNMT3A might be involved in lycopeneinduced promoter demethylation or was sufficient to remain dense methylation of GSTP1. However, it is still unclear whether the lycopene affects DNMT3A by interacting with the catalytic site of the DNMT3A molecule.
The reexpression of methylation-inactivated tumor suppressor genes by DNMT inhibitors has provided an effective approach in cancer prevention and therapy. In recent years, the DNMT inhibitory properties of some bioactive food components have been shown to have cancer inhibitory activities through demethylating methylation-silenced cancer-causing genes [28] . However, DNMT inhibitors have also been shown 8 International Journal of Endocrinology to induce or promote tumorigenesis via DNA hypomethylation at various genomic sequences, particularly the short and long interspersed repeat elements. DNA hypomethylation of those sequences can result in increased genomic instability and has been associated with human cancer [36] .
LINE-1 stands for long interspersed nucleotide elements and makes up at least 18% of the human genome. ALU repetitive elements represent one of the most abundant short interspersed nucleotide elements, contributing almost to 11% of the human entire genome. LINE-1 and ALU elements normally undergo heavy methylation in normal human tissues, and a loss of DNA methylation of these elements is closely associated with cancer progression [30] . Thus, alteration in the methylation status of LINE-1 and ALU elements is considered to be a useful surrogate marker for global DNA methylation content. In the present study, we evaluated the effects of lycopene on these repeat elements in PC-3 and LNCaP cell lines. These results showed hypomethylation of ALU and LINE-1 elements in two PCa cell lines. Further analysis showed that global LINE-1 methylation levels in lycopenetreated androgen-dependent LNCaP cells were significantly lower compared with the control cells. The same effects of lycopene treatment on the methylation of ALU elements were also observed in LNCaP cells. However, lycopene treatment did not induce DNA demethylation of LINE-1 and ALU elements in an androgen-independent prostate cancer PC-3 cell line. These results indicated that the potential protective effects of lycopene on prostate might be specific to androgenindependence.
In the present study, we focus on the effects of lycopene on DNA methylation modulation in vitro, which will offer exciting new opportunities for exploring the role of lycopene in influencing the biology of PCa. However, additional in vivo studies are needed to address the effects on methylation modulation through dietary lycopene.
